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A method is reported by which surface-induced dissociation is used to activate ions stored 
in a quadrupole ion trap mass spectrometer. The method employs a short (< 5 ps), 
fast-rising (< 20-ns rise time), high voltage direct current (dc) pulse, which is applied to the 
endcaps of a standard Paul-type quadrupole ion trap. This is in contrast to the application 
of an alternating current (ac) signal normally used to resonantly excite and dissociate ions in 
the trap. The effect of the dc pulse is to cause the ions rapidly to become unstable in the 
radial direction and subsequently to collide with the ring electrode. Sufficient internal 
energy is acquired in this collision to cause high energy fragmentations of relatively 
intractable molecular ions such as pyrene and benzene. The dissociations of limonene are 
used to demonstrate that high energy demand processes increase in relative importance in 
the dc pulse experiment compared with the usual resonance excitation method used to 
cause activation. The fragments are scanned out of the ion trap using the conventional 
mass-selective instability scan mode. Simulations of ion motion in the trap provide evi- 
dence that surface collisions occur at kinetic energies in the range of tens to several 
hundred electronvolts. The experiments also demonstrate that production of fragment ions 
is sensitive to the phase of the main radiofrequency drive voltage at the point when the dc 
is initiated. (J Am Sot Mass Spectrom 1991, 2, 487-491) 
I nteractions between polyatomic ion beams and surfaces [l-3] open reaction channels including charge [4-61 and atom [7] transfer and raise inter- 
esting questions about reaction dynamics [S, 91. These 
interactions are also of practical significance, espe- 
cially in plasma etching and other materials processes 
encountered in the electronics industry [lo]. 
Studies on the collisions of beams of ions with 
surfaces build on a large base of information on atomic 
and molecular collisions of gaseous ions [ll-161. One 
of the most important of these experiments is colli- 
sion-activated dissociation (CAD) [17-201, a process 
often used in tandem mass spectrometry (MS/MS) to 
characterize molecular ions by causing their dissocia- 
tion and recording the fragment ions generated. So 
important is the CAD experiment that four-sector 
instruments are used to study dissociation in kiioelec- 
tronvolt energy collisions [21, 221, but in spite of this, 
molecules of > 3000 u in molecular weight are 
seldom successfully fragmented. Because of these lim- 
itations there is interest in alternative means of disso- 
ciation, including photodissociation [23-251 and sur- 
face-induced dissociation (SID). The SID experiment 
has been done using quadrupole, sector, and time-of- 
flight tandem mass spectrometers [26-321. Recently, 
two groups have reported its implementation in the 
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ion cyclotron resonance (ICR) mass spectrometer [33, 
341. It is therefore appropriate to attempt to develop a 
method for causing ion/surface collisions within a 
quadrupole ion trap [35, 361, particularly as rapid 
developments of the capabilities of this device have 
recently been made. These include a procedure for 
mass-selectively exciting and dissociating trapped 
ions, extension of the mass/charge range, and devel- 
opment of capabilities for ionization of nonvolatile 
compounds [37-401. 
Although very useful in many ways, the MS/MS 
characteristics of the quadrupole ion trap have some 
limitations. Among these is the fact that the amount 
of internal energy which can be supplied to the 
trapped ion is relatively small. Estimates may be made 
of the distribution of internal energies supplied to 
selected molecular ions by CAD on the basis of the 
extent to which they undergo a sequence of consecu- 
tive dissociations [41]. In the ion trap, operated under 
normal conditions, distributions of internal energies 
with maximum values of - 6 eV have been measured 
[42] and access to higher internal energies is only 
possible by accepting large reductions in efficiency. 
Normal activation conditions are not adequate to cause 
sign&cant fragmentation of such refractory ions as 
ionized pyrene [43], so the motivation to implement 
methods that transfer more internal energy is particu- 
larly strong. The experiment described here allow 
mass-selected ions to undergo surface collisions and 
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the products of the collision to be collected and identi- 
fied in an MS/MS experiment by using the ion trap. 
Experimental 
Experiments were performed by using a prototype ion 
trap mass spectrometer (ITMS) (Finnigan-MAT, San 
Jose, CA) [42] operated in the electron-impact mode. 
The ion trap is operated by using helium as the buffer 
gas at a nominal measured pressure of 1 x 10m4 torr. 
Experiments were performed on four compounds: 
pyrene, limonene, n-butyl benzene, and benzene. 
Samples were introduced neat into the vacuum cham- 
ber of the ITMS by using either a heated solids probe 
(pyrene), or a Granville-Phillips leak valve (limonene, 
n-butylbenzene, and benzene). All compounds were 
obtained from commercial sources and used as sup- 
plied. 
The molecular ion of interest was isolated in the 
ion trap by applying appropriate radiofrequency (rf) 
and direct current (dc) voltages to the ring electrode. 
Conventional CAD experiments employed Mathieu 
parameters qZ of 0.2-0.4, supplementary resonance 
amplitudes of up to 3 V (peak to peak), and irradia- 
tion times of 20 ms. The new dc pulse experiments 
subjected the stored molecular ions to a rapid dc 
pulse applied to the endcaps of the ion trap analyzer. 
The pulses were of variable amplitude, typically 
300-400 V, applied for 1-4 ps_ They were generated 
by a home-built dc pulser and controlled by a TTL 
signal derived from the ITMS control system. The 
high speed pulser itself consists of a custom-built 
circuit to provide a TTL control pulse which is phase- 
locked to the fundamental rf and controls the pulse 
width. The high voltage is provided by a Bertan 
model 1500-P variable high voltage supply (Hicksville, 
NY) which is externally controlled. The high voltage 
pulse stage uses a Directed Energy, Inc., model HV- 
1000 pulser (Ft. Collins, Co) which takes the desired 
voltage from the Bertan supply and the TTL control- 
ling pulse and generates the fast dc pulse which is 
then simultaneously applied to both endcaps via a 
50-Q load splitter. The pulser is capable of delivering a 
O-950 V pulse with a duration that is variable in the 
range 0.07-10 ps. The phase-lock to the 1.1 MHz 
fundamental rf voltage (applied to the ring electrode) 
is implemented in such a way as to allow the pulse to 
be initiated at any point throughout the rf cycle. 
Results and Discussion 
Polynuclear hydrocarbons have been examined by a 
variety of ionization and activation methods 1431. Un- 
der conditions of low collision energy, fragmentation 
is limited to loss of H . , H,, Cr-containing fragments 
and to a few other ions in the high mass region. The 
ion trap product (daughter) spectrum of the pyrene 
molecular ion, m/z 202, recorded under normal trap- 
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ping and irradiation conditions, gave results consis- 
tent with this, being completely dissociated but dis- 
playing only H * and H, loss ions in 45% and 100% 
relative abundance, respectively. On the other hand, 
when activation is caused by application of the dc 
pulse instead of the normal supplementary alternat- 
ing current (ac) resonance voltage, the spectrum 
shown in Figure 1 was recorded. In this experiment 
the dc pulse was applied to the endcaps at 325 V for 
3.65 ps, while the main rf amplitude was set to corre- 
spond to a Mathieu parameter q1 of 0.43. The ions 
which appear at m/z 122, 150, 151, 174, and 175 were 
not present in the conventional product spectrum. 
The fragment ions at masses less than m/z 190 are 
characteristic fragments of highly excited pyrene 
molecular ions; for example, the fragment m /z 150 is 
estimated to have an appearance energy of 11 eV, 
while m/z 122 requires 17 eV [44]. The relative abun- 
dances of these ions under the conditions of Figure 1 
are not high, the most abundant being only 3% of the 
most abundant fragment (m/z ZOO) and just 0.2% of 
the m/r 202 ion. Moreover, the qr value used corre- 
sponds to m/z 95, being the lowest fragment ion 
mass stored; so there is likely to be significant mass 
discrimination in recording the product spectrum. 
To obtain more insight into ion motion in the trap 
under the conditions used here, ion trajectories were 
simulated by using a program developed in our labo- 
ratory [45]. The program has been found to give good 
results in comparison with experiments that measure 
the kinetic energies with which ions are ejected from 
the trap [46]. Figures 2 and 3 display both the radial 
and axial positions and velocities for the pyrene 
molecular ion in the dc pulse experiment described 
above. The radial simulation shows that - 2 ps after 
the initiation of the dc pulse the pyrene molecular ion 
strikes the ring electrode. The collision energies in 
this simulation depend heavily on the phase and 
position of the ion when the pulse is applied, but the 
typical data shown demonstrate that over 100 eV of 
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Figure 1. Product spectrum of pyrene molecular ion recorded 
after applying a 325-V dc pulse for 3.65 PS at qz = 0.43. 
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Figure 2. Simulation of motion of pyrene molecular ion in the 
radial direction. Individual parts of the figure show the applied 
potentials, the radial position and radial component of the ion 
kinetic energy. Conditions match those used for the experiment 
in Figure 1. The simulation ends when the ion strikes the ring 
electrode. 
radial translational kinetic energy are available. The 
simulation does not specihcally include the effects of 
collisions with helium, but at a pressure of 10m3 torr 
the collision frequency is on the order of one collision 
in 10 rf cycles. These same simulations show that the 
ions strike the surface within < 10 rf cycles after the 
pulse initiation, so that typically zero or one collision 
with helium occurs during the activation time. Simu- 
lation of motion in the axial direction (Figure 3) shows 
that the pyrene molecular ions remain trapped in this 
direction and that the axial kinetic energies are smaller. 
Substantially similar results are obtained when other 
experimental conditions are simulated. The axial com- 
ponent of the kinetic energy increases with the value 
of 42 as expected from the Dehmelt potential 
well model [47]. The simulations clearly support 
the suggestion that dissociation is due to collisions 
with the walls, that is, to SlD. However, gaseous 
CAD processes may also contribute to the observed 
fragmentation. 
Another system that has keen extensively studied 
by various activation techniques is the molecular ion 
of limonene [48, 491. These studies, which have in- 
cluded low energy gaseous and surface collisions, 
kilovolt energy CAD, angle resolved mass spectrome- 
try, and photon- and electron-stimulated dissociation, 
have allowed the energy requirements for various 
fragment ions to be ranked. Among the ions whose 
formation requires higher internal energies are M/Z 
77 and 91, whereas other ions with lower energy 
requirements include m/z 94 and 79. The results 
(Figure 4) of activation in the ion trap by the methods 
of dc and conventional ac excitation are similar except 
that the two high energy ions, m/z 77 and 91, virtu- 
ally absent under normal activation conditions, make 
a substantial contribution to the spectrum recorded 
under the conditions of dc activation. 
The most direct evidence that SID is contributing 
to the product MS/MS spectra when the dc pulse is 
. ,=11ps 
Figure 3. Simulation of motion of pyrene molecular ion in the 
axial direction. Individual parts of the hgure show the applied 
potentials, the axial position, and the axial component of the ion 
kinetic energy. Conditions match those used for the experiment 
in Figure 1. 
applied is found in data taken for the benzene molec- 
ular ion. Fragmentation occurs to give m/z 52, 51, 
and 50, among other ions. These data are similar 
to results obtained using SID on a conventional 
quadrupole instrument [50]. When a delay is intro- 
duced between the maximum of the main rf cycle and 
the onset of application of the dc pulse, the abun- 
dances of these fragment ions vary with the magni- 
Figure 4. Product spectra of the liionene molecular ion after 
application of a dc pulse (305 V, 2.3 PS, qz = 0.5). Inset shows a 
typical CAD spectrum produced by the conventional method of 
resonance excitation (ac = 700 mV at 91545 Hz for 3 ms, qr = 
0.23) for the mass range 65 to 100. 
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tude of the delay in the fashion shown in Figure 5. 
The ion abundance maxima occur at intervals which 
correspond to one full rf cycle. Clearly, the interaction 
between the fields created by the dc and the main rf 
voltages has a strong effect on ion production. This 
result is consistent with the SID process because the 
main rf held will alternately assist and resist accelera- 
tion of the parent ions to the radial electrode by the 
axial dc potential. 
Conclusions 
Although previous studies have demonstrated that 
SID contributes to the fragmentation observed in ion 
injection experiments [Sl, 521 and despite suspicions 
that even conventional resonance excitation in MS/MS 
involves surface collisions [Glish, G. L., personal 
communication, January 19911, this is the first study 
in which SID is demonstrated for trapped ions. Disso- 
ciation is deliberately produced by accelerating the 
trapped ions to the ring electrode without using reso- 
nance excitation. Collision energies are estimated from 
the simulations to be in the hundreds of electron volts 
and the process results in the observation of frag- 
ments with high threshold energies. Like the recent 
SID results obtained in ICR instruments (33, 341, the 
experiment is still at a rudimentary stage, especially in 
terms of efficiency of fragmentation. It is also appar- 
ent from the results obtained on limonene and n-butyl 
benzene (not discussed above) that a relatively wide 
range of internal energies is deposited in the activated 
parent ion. In part this may be due to contributions 
from CAD processes. However, the simulations sug- 
gest an additional interpretation, namely that collision 
energy and angle vary greatly with the initial (pre-dc 
pulse) conditions of the stored ion and hence a range 
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Figure 5. Abundance of the m/z 52 fragment ion generated 
from the benzene molecular ion as a function of the rf phase 
delay behveen an arbitrary point in the rf phase and application 
of a dc pulse (350 V, 1.5 ps). 
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of internal energy depositions can be expected. This 
range will be increased if, as is probable, collection of 
the ions from the surface into stable trajectories for 
subsequent mass analysis is subject to discrimination 
based on the direction or velocity of ejection. 
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